Background: The traditional pharmacologic therapies for Complex Regional Pain Syndrome (CRPS) remain ineffective. Endothelin A (ET-A) receptor contributes significantly to the development and maintenance of pain in CRPS, and presents a target for novel therapies. We assessed the effects of the ET-A receptor antagonist BQ-123 on nociceptive sensitization, in a rat model of Chronic Post-Ischemia Pain (CPIP).
(3% to 24%), contusion and crush injury (8% to 18%), and others (2% to 17%) [3] .
Suffering from intense pain and motor system dysfunction [4] , CRPS patients commonly have a poor quality of life, with impaired mental health [5] . Meanwhile, traditional pharmacologic therapies for CRPS are ineffective in managing both the pain and associated symptoms [2] . Thus, it is important to elucidate the pathophysiologic features of CRPS and provide novel optimal approaches for CRPS management.
Endothelin-1 (ET-1), a vasoconstriction peptide, is considered to be involved in pain signaling pathways via activation of ET-A and ET-B receptors [6] . A study by Groeneweg, et al. [7] showed that the number of ET-1 positive cells increases significantly in the proximal limb of CRPS patients after amputation. ET-1 expression levels in skin blister exudates [8] , plasma samples [9] , and cerebrospinal fluid specimens [10] from patients with CRPS are increased compared with the values of patients without CRPS, strongly suggesting that ET-1 may be involved in the pathophysiology of CRPS.
Introduction
Complex Regional Pain Syndrome (CRPS) is an uncommon form of chronic pain, and affects approximately 50,000 individuals in the United States annually [1] . CRPS is characterized by severe pain out of proportion to the initial injury, and accompanied by hypersensitivity, swelling, and changes in skin tissues. The pathogenesis of CRPS remains unclear, and is considered to be multi-factorial [2] . The factors suspected of causing CRPS include fractures (16% to 46%), ligament injury (10% to 29%), post-operation injury space [16] . Following anesthesia by inhalation of 2% halothane, rats were placed on the operating table in the prone position. A 0.8-1.0 cm dorsal midline incision centered on the L5-L6 vertebral segment was made for lumbar intrathecal catheterization; next, a 4-5 mm hole was drilled in the left lateral aspect of the L4 or L5 vertebral body to expose the Dura mater. The sterilized catheter was then inserted into the intrathecal space and advanced rostrally 1.5-2 cm. Successful implantation was determined by observing the tail-flick reflex and cerebrospinal fluid flow from the catheter tip. The catheter was fixed tightly, with the opposite end led from the cervical region through a subcutaneous tunnel. All wounds were closed in multiple layers using appropriately sized long-absorbing suture materials, and 80 thousand units of penicillin were administered intramuscularly. After surgery, rats showing severe motor weakness and non-responsiveness to lidocaine were excluded from the study.
Qualitative measures of motor impairment
Although the current study used low dose of BQ-123 (10 µl, 10 nmol), we nonetheless elected to assess potential side effects of the drug, particularly since they could present potential confounding factors in data collection and interpretation. Side effects were measured by activity levels in the home cage 30 minutes after treatment by intraplantar administration, or by intrathecal pre-treatment with BQ-123 or vehicle on the third day after I/R injury [17] . Activity levels were: -3, anesthesia; -2, sedation; -1, drowsiness; 0: Normal; 1: Moderate impairment (disturbance in paw support); 2: Impairment (inability to maintain paw support, with the ability to regain an upright position after falling over); 3: Great impairment (inability to regain an upright position after falling over). Rats were observed for 10 minutes between 9:00 AM and 2:00 PM.
Data Analysis
Data are presented as mean ± standard deviation. Behavioral test data were analyzed by two-way repeated-measures ANOVA. P < 0.05 was considered statistically significant. All statistical analyses were performed with the SPSS 17.0 software.
Results

Mechanical thresholds in CPIP rats
Mechanical thresholds decreased rapidly on day 1 and reached a stabilized minimum on day 3 after I/R injury. Throughout the study, mechanical thresholds were lower in the CPIP group than sham animals (P < 0.05) (Figure 1 ), indicating that CPIP rats were more sensitive to nociceptive stimulation.
Effect of intraplantar administration of BQ-123 on mechanical thresholds in CPIP rats
Mechanical thresholds in the CPIP+BQ-123 group were tocol approved by the Second Military Medical University Animal Care and Use Committee. Adult male SD rats (Shanghai Experimental Animal Center, Chinese Academy of Sciences) (260-280 g) were housed in a Specific Pathogen Free (SPF) environment (24 °C room temperature and 50% humidity) under a 12/12 hour light/dark cycle, with food and water ad libitum.
Establishment of the CPIP model
Based on the Terence J method, rats were anesthetized with chloral hydrate (300 mg/kg) by intraperitoneal administration [13] . An O-ring tourniquet was used at the proximal end of right hind ankle and loosened after 3 hours to allow reperfusion, to establish Ischemia Reperfusion (I/R) injury of the CPIP model. The same operation was performed in sham group rats without using the O-ring tourniquet.
Mechanical threshold measurement
Pain behavioral tests were performed before surgery and at 1 to 5 days post-operation. Mechanical threshold assessment was performed in both sham and CPIP groups. Moreover, CPIP and sham rats were treated with the ET-A receptor antagonist BQ-123 (10 µl, 10 nmol) or vehicle (10 µl) by intraplantar (i.pl.) administration. An Electronic von Frey (IITC Life Science, Woodland Hills, CA, USA) was used for mechanical threshold assessment. Rats were placed on a tawny suspended 22 × 22 × 30 cm cage to have the plantar surface of footpads stimulated with an electronic von Frey Rigid filament. The rigid filaments were applied to the paw surface, with the intensity gradually enhanced until paw withdrawal. The maximal value obtained during the procedure was recorded as mechanical threshold. The assays were repeated three times; a 5-minute interval was essential between two tests to avoid sensitization [14] .
Cold allodynia measurement
Similar to mechanical pain threshold evaluation, after intraplantar administration of BQ-123 (10 µl, 10 nmol) or vehicle (10 µl), cold allodynia in both CPIP and sham groups was assessed. Pyruvic acid (20 μl) was dropped on the soft parts of a hind paw, and the animal Acetone Exposure Behavious (AEB) was observed [15] . Criteria used for response evaluation were: 0: No response; 1: Paws licking, stomping and trembling (< 1 second); 2: Repeated paw licking, stomping, trembling and lifting (< 3 seconds); 3: Repeated paw licking, stomping and trembling (> 3 seconds); 4: Repeated paw licking, stomping, trembling and lifting (> 3 seconds). increased compared with the value of the CPIP+veh group in the first 120 minutes (P < 0.05), and returned to baseline on day 6 ( Figure 2) . Meanwhile, no differences were observed between the sham+BQ-123 and sham+veh groups. These findings indicated that intraplantar administration of BQ-123 effectively relieved mechanical allodynia within 6 days.
Intrathecal catheter implantation
Effect of intraplantar administration of BQ-123 on cold allodynia in CPIP rats
As shown in Figure 3 , cold allodynia scores were lower in the CPIP+BQ-123 group than in the CPIP+veh group 30 minutes after I/R injury (P < 0.05). No changes were observed between the sham+BQ-123 and sham+veh groups. These findings suggested that intraplantar administration of BQ-123 partially reversed cold allodynia.
Changes of pain thresholds after intrathecal and intraplantar pre-treatment with BQ-123 in CPIP rats
Mechanical thresholds were somewhat higher in the CPIP+BQ-123 (i.t.) group than in the CPIP+veh (i.t) group (P < 0.05), while no significant differences were obtained between the CPIP+BQ-123 (i.pl.) and CPIP+veh (i.pl.) groups. No differences were observed in sham animals receiving intraplantar or intrathecal pre-treatment (Figure 4) . These results indicated that central pre-treatment with BQ-123 reduced mechanical allodynia in the CPIP model, while local pre-treatment had no such effect.
Motor impairment measurement
To assess whether BQ-123 administration results in overt side effects, activity scores in home cages were scored. No activity differences were observed between the vehicle and BQ-123 groups, whether after intraplantar administration ( Figure 5A ) or intrathecal pre-treatment ( Figure 5B ), indicating that BQ-123 did not cause motor dysfunction. used to induce CRPS in rats. After 3-hour limb ischemia, rats showed nociceptive sensation in response to mechanical and/or cold stimulation, as well as limb congestion and edema. Sympathetic disorder symptoms were induced by the O-ring tourniquet on the tightened limb in the CPIP model without tibial nerve damage under microscopy, consistent with CRPS I. The rats showed allodynia in the present study, indicating that the CRPS model was constructed successfully. Endothelial dysfunction is an important factor in the pathogenesis of CRPS. As an important regulator of cardiovascular function, ET-1 is found in the vascular endothelium, and exerts significant roles in vascular tone maintenance and homeostasis [9] . ET-1 in endothelial cells are involved in allodynia, movement disorders, amyosthenia, ataxia and edema [19] , which may probably contribute to CRPS. Local ET-1 injections induce spontaneous pain in humans and rodents [20] . These effects are independent of its vascular activity, but rather involve the activation of C-nociceptors by increasing intracellular calcium levels [20] . Thus, ET-1 plays an important role in CRPS, and may present a possible target for CRPS treatment.
In the current study, BQ-123 was used as an ET-A receptor antagonist for managing CRPS in CPIP rats. A significant antiallodynic effect was observed, suggesting that intraplantar administration of BQ-123 had a significant therapeutic effect on CPIP. As ET-1 in the cerebrospinal fluid of CRPS I patients is upregulated, with ET-A receptors widely distributed within the central nervous system [11] , it is possible that intrathecal (central) pre-treatment with BQ-123 may affect nociceptive sensitization in CPIP rats. Our results showed that pretreatment with BQ-123 intrathecally (centrally) relieved mechanical allodynia, whereas intraplantar (locally) pretreatment exerted no effect in CPIP rats. These data suggested that ET-1 plays a role in nociceptive sensitization via central ET-A receptors. Therefore, intrathecal injection of ET-A receptors constitutes a possible tool for managing allodynia in CRPS.
Conclusion
The ET-A receptor antagonist BQ-123 alleviates allodynia effectively in a rat model of CPIP. ET-A receptor antagonists could potentially be used to manage intractable pain in CRPS.
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Discussion
In the current study, the effect of the ET-A receptor antagonist BQ-123 on nociception was observed, in a rat model of CPIP. The results indicated that intraplantar administration of BQ-123 effectively reduced mechanical and cold allodynia, suggesting that ET-A receptors play an important role in the process of nociceptive sensitization in CRPS. The ET-A receptor antagonist BQ-123 could potentially be used for CRPS management.
CRPS is considered a pain syndrome secondary to traumatic events and other injuries, including regional pain, sensory changes, skin color changes, abnormal body temperature, abnormal sweat secretion, and edema [2] . CRPS can be divided into distinct two types, including CRPS-I and CRPS-II. Patients without confirmed nerve injury are classified as CRPS-I (previously known as reflex sympathetic dystrophy syndrome). Meanwhile, subjects with associated, confirmed nerve injury are classified as CRPS-II (previously known as neuropathic pain). Despite the difference between the two types, treatment is similar, but ineffective. Indeed, no medications are specifically indicated for CRPS. Analgesics and narcotics are mostly used to treat the chronic symptoms of pain without favorable results. In rodents, ET-1 induced nociception can be reduced by systemic or central administration of morphine, but is resistant to other pharmacological drugs such as acetaminophen, indomethacin, dexamethasone, atenolol and ibuprofen [18] .
In the present study, chronic post-ischemia pain was Activity scores were close to the "0" level in all groups. No differences were observed between the vehicle and BQ-123 groups, whether after intraplantar administration (A) or intrathecal pre-treatment (B) (n = 10/group). CPIP: Chronic Post-Ischemia Pain; I/R injury: Ischemia Reperfusion Injury.
